T he recent demonstration of adult human cardiac renewal 1 and identification and extensive characterization of c-kit + cardiac stem and progenitor cells suggests that the heart is not terminally differentiated but an organ with regenerative potential. These results provide hope for development of therapeutic strategies to augment the limited regenerative process for the failing heart. We sought to enhance the limited endogenous repair process of the myocardium after injury using methods easily translated into clinical practice, by locally expanding c-kit + cells 2 using SCF (stem cell factor) gene transfer. Despite the fact that c-kit has been used extensively as a cell surface marker and much studied with respect to cells homing to infarcted myocardium, together with its ligand, SCF, the tyrosine kinase receptor c-kit is a key proliferation-controlling protein, driving not only the recruitment but the expansion of a number of stem cell types, including hematopoietic, neuronal, germ, and cardiac. [4] [5] [6] SCF binding induces c-kit dimerization, activation of its intrinsic tyrosine kinase, and autophosphorylation leading to downstream signaling, 7 including the Wnt-β−catenin pathway. 8 Increased expression of SCF occurs naturally in response to myocardial infarction (MI), which has been shown to mediate migration of c-kit + cardiac and bone marrow (BM) cells 2 via activation of p38 mitogen-activated protein kinase, 9 driven by infiltrating macrophages. 10 Genetically mutant mice deficient in c-kit signaling (W/W v ) fare worse after MI, and transgenic mice overexpressing SCF in a cardiac-specific manner fare better after MI than their wild-type littermates. 4, 11, 12 SCF has been implicated in promoting the reverse remodeling observed after left ventricular assist device implantation. 13 
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recently cardiosphere (which contain a significant amount of c-kit + cells) injection in patients with heart failure was also shown to improve clinical parameters in the injected patients. 15 We therefore undertook an alternative strategy consisting of SCF adenoviral gene transfer into the infarcted myocardium in rats, to test the potential of SCF to recruit c-kit + cells from cardiac and BM origin. In addition, we tested whether this strategy would lead to enhanced cardiac repair, function, and survival and finally to define whether SCF has an effect on cardiomyocyte proliferation and cell-cycle reentry.
Methods
SCF adenoviruses were injected in rats to enhance cardiac repair after MI. Molecular and functional approaches were performed to assess cardiac regeneration after SCF therapy. Detailed methods are provided in the Online Data Supplement.
Results

SCF Gene Transfer Decreases Infarct Size After LAD-Ligation
SCF alternative splicing leads to 2 isoforms, a soluble and a membrane-bound form. Stimulation with the soluble protein leads to rapid and transient activation, autophosphorylation, and fast degradation of SCF receptor, c-kit; whereas stimulation with the membrane-associated form leads to more sustained activation by preventing receptor-ligand complex internalization. 7 Our strategy consisted of using adenoviralmediated gene transfer of SCF as a therapy to promote cardiac regenerative mechanisms in rats undergoing MI. Myocardial regeneration and function was assessed 1, 2, 4, and 12 weeks post-MI ( Figure 1A) . Therefore, to maximize the proliferative signal for c-kit + cells, we generated recombinant adenoviruses expressing SCF membrane-bound form and green fluorescent protein (Ad.SCF). Similarly, we generated adenoviruses containing β-gal and green fluorescent protein, used as controls (Ad.β-gal; Figure 1B ). By permanent ligation of the left anterior descending coronary artery (LAD), we induced the MI and later, Ad.SCF and Ad.β-gal adenoviruses were delivered into the periinfarct left ventricle (LV). Gene transfer was confirmed 1 week post-MI by β-galactosidase, c-kit, and green fluorescent protein expression in controls and SCF-treated rats ( Figure 1C Figure 1 . Study design. A, Experimental timeline. Our strategy consisted of using stem cell factor (SCF) as a therapy in cardiac regeneration in rats undergoing myocardial infarction (MI) after delivering adenoviruses expressing SCF membrane-bound form and green fluorescent protein (Ad.SCF) or adenoviruses containing β-gal and green fluorescent protein (Ad.β-gal) recombinant adenoviruses in the peri-infarct area. Myocardial regeneration and function was assessed at 1, 2, 4, and 12 weeks post-MI. B, Recombinant Ad.SCF and Ad.β-gal adenoviruses were generated after cloning SCF membrane isoform and β-gal gene sequences, respectively, into an adenoviral plasmid containing GFP as a reporter gene. C-E, Detection of gene transfer within the myocardium 1 week post-MI. Distribution of the viral infection was confirmed by GFP expression, imaged through digital photography (C) and by X-gal staining (blue) (D and E) in control rats (Ad.β-gal). F, Analysis of c-kit receptor expression by western blot (WB), in lysates from control and Ad.SCF-treated hearts. SCF stem cell factor reduction in the scar area was detected compared with controls ( Figure 1G ; Online Figure II ). Cardiac magnetic resonance imaging was used to measure cardiac morphology and function at baseline (2 days) and 2 and 4 weeks post-MI. A significant reduction in infarct size, normalized to total LV, was detected after SCF therapy 2 weeks post-MI (15.3%±1.4% in Ad.βgal versus 8.6%±1.6% in Ad.SCF; P<0.05) and 4 weeks post-MI (17.7%±0.3% in Ad.β-gal versus 7.6%±1.2% in Ad.SCF; P<0.01) ( Figure 1H ; Online Figure IIIA and IIIB). Thus, after SCF gene transfer, no significant differences in ejection fraction (EF) was found at baseline (2 days post-MI) between controls and SCF-treated rats (62.0%±0.5% in Ad.β-gal versus 63.5%±1.2% in Ad.SCF; P=0. 31) . Although a nonsignificant EF improvement was detected after SCF therapy 2 weeks post-MI (48.7%±0.8% Ad.β-gal versus 56.5%±2.9% Ad.SCF; P=0.06), we showed a significant improvement 4 weeks post-MI (48.3%±0.4% Ad.β-gal versus 58.4%±0.6% Ad.SCF; P<0.01; Online Figure IIIC ). These preliminary observations indicate that SCF might be playing a role in enhancing cardiac protection after MI.
SCF Improves Survival and Cardiac Function
Previous studies show that human SCF transgene expression in mice induces c-kit receptor activation, promoting an improvement in survival and cardiac function after MI. 12 Survival was monitored at 3 months postoperation in sham, control, and Ad.SCF-treated groups (n=5, n=10, and n=13, respectively). Sham groups survival was 100%, whereas MI led to an increase in mortality. SCF gene transfer resulted in increased survival post-MI compared with controls (90% Ad.SCF versus 65% Ad.β-gal; P=0.07) ( Figure 2A ). We next evaluated the impact that SCF overexpression had on cardiac structure, analyzing cardiac function and LV dimension by echocardiography. SCF administration enhanced LV function at 1 and 3 months post-MI ( Figure 2B and 2C). LAD ligation led to a time-dependent decrease in the fraction of shortening and EF, as well as an increase in LV chamber dimensions. However, the reduction in fraction of shortening attributable to MI was ameliorated after SCF overexpression (n=13) was compared with controls (n=10) at 1 month post-MI (46±8% Ad.SCF versus 30±7% Ad.β-gal; P<0.001). Similarly, EF decrease attributable to MI was improved after Ad.SCF administration at 1 month post-MI (67±14% Ad.SCF versus 51±11% Ad.β-gal; P<0.001) ( Figure 2D ). SCF overexpression also caused an improvement in fraction of shortening (43±6% Ad.SCF versus 29±8 Ad.βgal; P<0.0001) and EF (64±7% Ad.SCF versus 46±16% Ad.βgal; P<0.001) at 3 months post-MI ( Figure 2E ). Furthermore, LV chamber dimensions were also increased because of MI, although SCF overexpression attenuated the MI-induced increase in LV end-systolic and end-diastolic volume (Table) . These results suggest that SCF administration continue to improve LV function 3 months after MI.
SCF Reduces Fibrosis in the Infarct Heart
The beneficial effects of SCF in improving cardiac function and survival after MI result from recruiting endothelial progenitor cells and decreasing cardiac remodeling. 16 An important hallmark in fibrosis is the increase in collagen and other extracellular matrix components in the myocardium 17 and the release of transforming growth factor-β (TGF-β) by active myofibroblasts. 18, 19 Consistent with the cardiac magnetic resonance imaging and echocardiography data, SCF therapy decreased LV wall thinning, increasing viable tissue within the risk region 1 month post-MI ( Figure 3A ). Thus, a reduction in fibrosis was detected after SCF overexpression. The collagenous area in the pericardial region was significantly decreased in SCFtreated rats (5.1%±0.2% Ad.β-gal versus 2.0%±0.1% Ad.SCF; P<0.0001). Similarly, the fibrotic area around the perivascular region was markedly reduced after SCF therapy (19.3%±1.2% Ad.β-gal versus 6.4%±0.7% Ad.SCF; P<0.001; Figure 3B -3E). Moreover, collagen content measured by Sircol Collagen Assay 3 months post-MI showed a significant decrease in the infarcted (44.8%±4.1% Ad.β-gal versus 27.8%±4.1% Ad.SCF; P<0.05) and remote regions (26.2%±1.8% Ad.β-gal versus 18.7%±2.0% Ad.SCF; P<0.05) after SCF overexpression (Online Figure IVA and IVB). Along with the progression of fibrosis, the expression of TGF-β was decreased in both remote and infarcted area after SCF therapy. In contrast, collagen III expression was only decreased in the remote area, and no significant differences were found in collagen I expression levels after SCF therapy ( Figure 3F ; Online Figure IVC and IVD). Together, these data suggest that SCF therapy might play a protective role against fibrosis replacement by reducing scar formation, restoring partially the structural integrity of the infarcted heart.
SCF Gene Transfer Augments Cardiac Progenitor Cell Recruitment to the Ischemic Myocardium
The SCF receptor, c-kit, is used as a marker to identify several types of adult stem cells, including those in cardiac, hematopoietic, brain, liver pancreatic, and lung tissue, and its expression is the primary characteristic of cardiac lineage commitment. [20] [21] [22] The membrane-assotiated SCF isoform induces more persistent c-kit receptor activation, promoting cell survival by recruiting c-kit + stem cells. 23 We then asked whether Ad.SCF therapy could enhance the exogenous and endogenous recruitment of cardiac progenitors cells (CPC) and CSCs to the infarcted myocardium promoting the recovery of the injured heart. Our results confirmed our hypothesis, showing that Ad.SCF overexpression resulted in a 4-fold increase of c-kit + cells compared with sham-operated (69±39 cells/mm 3 in sham versus 307±11 cells/mm 3 in Ad.SCF; P<0.05) or control (64±17 cells/mm 3 in Ad.β-gal versus 307±11 cells/mm 3 in Ad.SCF; P<0.05) groups 1 week post-MI ( Figure 4A and 4B).
To further confirm the faithful increase of CPCs, cardiac c-kit + population was purified by fluorescence-activated cell sorting from the whole heart. SCF overexpression resulted in higher absolute numbers of c-kit + cells within the heart (1:10000) compared with control (1:37000) or sham (1:55000) groups ( Figure 4C ). We next determined whether SCF expression was altering the hematopoietic c-kit + population. The lack of lineage markers (Lin − ) and c-kit + expression was analyzed by fluorescence-activated cell sorting in hematopoietic stem cells (Linc-kit + ) from blood and BM cells 1 week post-MI. No differences were found in circulating or BM-derived cells after SCF overexpression ( Figure 4D ). CPCs have been characterized as a heterogeneous cell population in a state of differentiation and commitment to cardiac lineage, scoring negative for α-sarcomeric actin but positive for GATA4, Nkx2.5, or MEF2 expression markers. 24 Cardiac c-kit + population was gated and examined for coexpression of transcription factors expressed at early and late stages of cardiomyocyte development. Despite this heterogeneity, an increase in MEF2, MEF2C, Nkx2.5, and GATA4 early cardiac expression markers was detected after Ad.SCF therapy in gated c-kit + cells ( Figure 4E ). Furthermore, a decrease in α-sarcomeric actin expression, a later cardiac-specific marker, was also observed after SCF overexpression ( Figure 4F ). By contrast, the cardiac c-kit + subset was mainly negative for mast cells (eosinophils and high affinity IgE receptor [FcεRIα]) [25] [26] [27] and hematopoietic stem cell (multidrug resistant protein-1) markers. 28 In resting normal hearts, c-kit + cardiac stem/progenitors are CD45 −24 ; however, in failing hearts, c-kit + CD45 + cells predominate. 29, 30 Our data showed a predominant c-kit + population coexpressing the CD45 + hematopoietic lineage marker, suggesting an exogenous BM origin post-MI. 31, 32 Although our results do not exclude the possibility of BM-derived c-kit + cell recruitment in the infarcted myocardium, we have also shown the existence of a small subpopulation of cardiac c-kit + cells that might have cardiomyogenic and cardioprotective effects ( Figure 4F and 4G) . The increase of c-kit + subset coexpressing Nkx2.5, MEF2, or MEF2C together with the decrease in αsarcomeric actin expression, suggests an accumulation of immature c-kit + population on SCF administration. These results confirm the heterogeneity of c-kit population, as well as its different stage of commitment to cardiac lineage.
SCF Induces Proliferation of Cardiomyocytes in the Ischemic Heart
SCF is a growth factor that promotes the proliferation of different stem cells populations, including cardiac, hematopoietic, neuronal, and germ, 4-6 together with c-kit + cells' recruitment to injured myocardium. 12 The accumulation of c-kit + CPCs led us to investigate the role that SCF was playing in cardiomyocyte cell-cycle activation by evaluating their potential to divide and undergo DNA synthesis at 1 week post-MI. Cardiomyocyte potential to divide was assessed by colocalization of phosphohistone H3 (P-H3) and Ki67 together with α-sarcomeric actin marker. As expected, a global increase of P-H3 and Ki67-positive cardiomyocytes was detected in the periinfarct zone of the Ad.SCF-treated hearts at 1 week ( Figure 5A ; Online Figure V) . Similarly, cardiomyocyte cytokinesis was assessed by colocalization of Aurora B kinase together with α-sarcomeric actin marker. Upon SCF therapy, Aurora B kinase-positive cardiomyocytes were detected in the periinfarct zone 1 week post-MI (Online Figure VI) . As expected from these data, an increase in cardiomyocytes undergoing DNA synthesis at the time of bromodeoxyuridine labeling was detected in SCF-treated hearts compared with controls. The number of total bromodeoxyuridine-labeled nuclei (9.5±1.3% Ad.SCF versus 3.8±0.3% Ad.β-gal; P=0.001) and bromodeoxyuridine-labeled cardiomyocytes (3.3±0.4% Ad.SCF versus 1.3±0.3% Ad.β-gal; P=0.002) were significantly greater after SCF overexpression ( Figure 5A and 5B; Online Figure V) . Thus, an enhancement in the expression levels of proliferative markers was detected after SCF treatment by Western blot analysis. CyclinD1, proliferating cell nuclear Ag, and P-H3 expression was upregulated in the infarcted region 1 week post-Ad.SCF therapy. However, no demonstrable changes in cyclin D1, proliferating cell nuclear Ag, or P-H3 expression were found in the remote region ( Figure 5C ). The enhancement in ventricular function suggests that SCF could be inducing a protective response, enhancing cell survival. Using terminal deoxynucleotidyl transferase dUTP nick end labeling staining apoptotic cells were 1 week post-MI. The density of apoptotic cells per area in the border zone was significantly lower after SCF overexpression compared with controls (7.0%±0.5% in Ad.β-gal versus 3.5%±2.1% in Ad.SCF; P<0.0001; Figure 5D and 5E). Thus, caspase 3 activity was decreased upon SCF therapy in the infarcted area ( Figure 5F ). Together, these data suggest a protective role of SCF in preventing apoptosis. Echocardiographic measurements. All values represent mean±SD. SCF indicates stem cell factor; Ad.SCF, adenoviruses expressing SCF membrane-bound form and green fluorescent protein; Ad.βgal, adenoviruses containing β-gal and green fluorescent protein; IVSd, interventricular septal thickness at diastole; IVSs, interventricular septal thickness at systole; LVIDd, left ventricular internal dimension at diastole; LVIDd, left ventricular internal dimension at systole; LVPWd, left ventricular posterior wall at diastole; LVPWs, left ventricular posterior wall at systole; FS, fraction of shortening; EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction.
To assess the impact of cardiomyocyte proliferation on LV hypertrophy because of SCF therapy, we measured LV weight (LVW) and heart weight (HW) to body weight (BW) ratio at 2 weeks post-MI. After measuring the ratio of LVW/BW and HW/BW after MI and SCF administration, we found a trend toward a decrease in LVW/BW after MI (0.20%±0.04% Ad.β-gal versus 0.23%±0.01% sham, P=NS) and HW/ BW (0.25%±0.05% Ad.β-gal versus 0.30%±0.02% sham), which was reversed after SCF administration in LVW/BW (0.23%±0.04% Ad.SCF versus 0.23%±0.01% sham; P=NS) and in HW/BW (0.28%±0.05% Ad.SCF versus 0.30%±0.02% sham). We next assessed the tranverse diameter of cardiomyocytes, by analyzing the minimum cross-sectional diameter at the nuclear level, to minimize the effects of orientation on cardiomyocyte size measurements. 33 Significant smaller myocyte cross-sectional diameters detected by vinculine staining were found after SCF treatment (34.05±0.27 μm Ad.SCF versus 41.65±0.40 μm Ad.β-gal; P<0.0001). Echo analysis of cardiac wall thickness also documented reduction in cardiac hypertrophy in SCF-treated rats (Table; Online Figure VII) . 
Wnt/β-Catenin Pathway Is Activated Upon SCF Overexpression
We next examined the molecular and cellular mechanisms responsible for cardiac progenitor and stem cell expansion in the ischemic myocardium after Ad.SCF overexpression. Wnt signaling has been shown to promote the self-renewal and differentiation of undifferentiated cells including c-kit + hematopoietic stem cell 34 and Isl1 + cardiovascular progenitor cells, 35 enhancing also the differentiation of c-kit + adipose-derived murine stromal vascular cells into cardiac myocytes. 8 The accumulation of c-kit + cells, together with the proliferation of cardiomyocytes after SCF treatment and MI, led us to study Wnt/β-catenin signaling in the context of cardiac regeneration. The hallmark of canonical Wnt pathway activation is βcatenin accumulation in the cytoplasm and its translocation to the nucleus. 36 An increase in β-catenin stabilization was observed after SCF overexpression in remote and infarcted regions ( Figure 6A ). We next determined whether Wnt signaling might be regulating genes involved in c-kit + stem cell selfrenewal and proliferation, such as Notch1, HoxB4, and cyclin D1. 34, 37, 38 By using real-time polymerase chain reaction analysis on cardiac extracts on either SCF-treated or control hearts, we found that Notch1, HoxB4, and cyclin D1 were upregulated an average of 2, 6, and 7-fold, respectively, in the remote area and 1.2-, 2.2-, and 2-fold, respectively, in the infarcted area upon SCF administration ( Figure 6B ; Online Table I ). Furthermore, Wnt pathway activation was also detected because of SCF overexpression in isolated cardiomyocytes (Online Figure VIII) through glycogen synthase kinase 3β phosphorylation and β-catenin accumulation in the cytoplasm ( Figure 6C ). We hypothesize that SCF administration may be inducing Wnt signaling activation in either CPCs by promoting their recruitment and self-renewal and also in cardiomyocytes by inducing their reentry into cell-cycle after MI ( Figure 6D ).
Discussion
Recent studies have shown that stem cells may be able to replace damaged tissue and potentially treat cancer, Type 1 diabetes mellitus, Parkinson disease, Huntington disease, and cardiac failure along with many other diseases. 39 Clinical experience from the first ≈1000 patients who have received stem cell therapy for acute MI or chronic heart failure indicates a favorable safety profile with modest improvement in cardiac function and structural remodeling. However, cell therapy challenges remain formidable 40 last decade, gene therapy has reemerged with novel vectors that are safer and more targeted to various diseased states. In fact clinical gene therapy for cardiovascular diseases may be able to fulfill an unmet need for effective therapies in heart failure. 41 The identification of the resident c-kit + CSC population in the adult heart has demonstrated the regenerative potential of the adult heart. [42] [43] [44] The need to activate in situ the intrinsic cardiac regenerative capacity suggests the use of growth factors, cytokines, and drugs to promote cardiac repair. Alternatively, BM progenitor cells may migrate to the myocardium leading to the formation of new myocyte progeny. 45 Several studies have investigated the increased cardiac progenitor recruitment after SCF soluble protein administration, 41 overexpression in transplanted cells 11 and in transgenic mice. 12 These experimental results were recently tested in a clinical trial, whereby intracoronary infusion of autologous c-kit + cells in patients with ischemic cardiomyopathy resulted in significant improvement in systolic function and a reduction in infarct size. 14 These encouraging clinical results emphasize the importance of recruiting c-kit + cells in the setting of ischemic cardiomyopathy.
However, we sought to develop a clinically relevant local expression system for the membrane-bound SCF isoform to optimally stimulate cardiac repair after experimental MI. Furthermore, the administration of SCF membrane-bound form, as opposed to the soluble form, limited the expansion of mast cells in BM and blood, an attribute which has severely limited the clinical use of the soluble form of the molecule (Stemgen; ancestim). Our results show that SCF gene transfer stimulates a regenerative response after MI that appears to restore the injured heart and function.
In the present study, we used intramyocardial SCF adenoviral gene transfer to enhance cardiac repair after LAD ligation by recruiting and expanding resident c-kit + cardiac progenitor/ stem cells. Our studies have shown several significant findings. Using transient SCF expression, we observed an increase in cardiac c-kit + cell recruitment after MI. Increased c-kit + CPC population in SCF hearts is demonstrated by 2 independent techniques: cell counting by histology and sorting flow cytometry. These CPCs are a mixed population containing not only CSCs and precursors but also cells committed to other lineages. Although the majority population of c-kit + cells are presumably endogenous, 24 we do observe a high enrichment of c-kit + CD45 + fraction post-MI, 29, 30 suggesting a BM origin for many of the CPCs isolated. This conclusion is also consistent with the studies reporting that BM progenitor cells are mobilized after MI, homing to injured areas promoting Figure 6 . Proposed mechanism: Wnt/β-catenin pathway is activated in adenoviruses expressing stem cell factor (SCF) membrane-bound form and green fluorescent protein (Ad.SCF)-treated rats. A, β-catenin accumulation is observed in the remote (R) and infarcted (I) area 2 weeks after SCF overexpression. B, RNA isolated from remote (R) and infarcted (I) regions from controls and Ad.SCF-treated rats was reverse transcribed and Notch1, HoxB4, and cyclin D1 expression analyzed by quantitative real-time polymerase chain reaction. An upregulation of Notch1, HoxB4, and cyclin D1 is detected 2 weeks after SCF therapy. C, β-catenin and phospho-GSK3β increased expression is detected in isolated cardiomyocytes after SCF treatment. D, After myocardial infarction (MI), SCF therapy promotes cardiac repair by enhancing survival and left ventricle (LV) function and by preventing remodeling and apoptosis of existing cardiac cells. We hypothesize that SCF overexpression through c-kit receptor activation induces Wnt signaling activation in a paracrine way, promoting cardiac progenitors cells (CPCs) recruitment and cardiomyocytes (CM) cell-cycle activation and survival in the ischemic myocardium. RFU indicates relative fluorescence units. cardiac repair. 31, 46 Regardless of cell origin, the increase in ckit + cells in SCF-treated hearts, whether CSC, BM cells, or a combination, does mediate a beneficial effect on survival, cardiac structure, and ventricular function after MI.
Previous studies show that cardiomyocytes self-renew though proliferation of endogenous c-kit + CPCs, 24 maintaining the cardiomyocyte turnover in the adult heart after cell loss. 47 However, BM progenitor cells can also populate the heart, adopting a cardiomyogenic phenotype as a source of cardiomyocyte self-renewal. 48 Our results show that SCF stimulates the regenerative potential of the heart tissue by inducing cardiomyocyte cell-cycle activation, undergoing DNA synthesis 1 week post-MI. It is possible that the significant increase of P-H3-, Ki67-, and Aurora B kinase-labeled cardiomyocytes that occurs after SCF administration may be the result of resident c-kit + CPCs 49 or c-kit + BM progenitor cells differentiating into cardiomyocytes 31 or stimulation of adult cardiomyocytes to reenter the cell-cycle and divide. 50 Our data support some or all of these mechanisms. For instance, 1 week post-MI we found c-kit + cells coexpressing GATA4, Nkx2.5, MEF2, or MEF2C, which support their potential to differentiate into cardiomyocytes. Thus, we also found by immunohistochemistry a pool of cardiac c-kit + CD45 − cells, suggesting that the myocardium harbors a pool of resident CPCs after SCF treatment. However, we also show c-kit + cells coexpressing CD45 suggesting that this pool of cells may be derived from the BM via the blood stream, reflecting their exogenous origin. Furthermore, we demonstrated endogenous regeneration by the increase in bromodeoxyuridine incorporation in cardiomyocytes, after SCF treatment. Nevertheless, to quantify the contribution of each potential source to newly regenerated cardiomyocytes is beyond this study. An additional variable that may have influenced cardiac regeneration could be the salutary effect that SCF has on enhancing survival by preventing apoptosis in the viable myocardium. Terminal deoxynucleotidyl transferase dUTP nick end labeling staining demonstrated that the density of apoptotic cells was reduced in the border area after SCF therapy, reflecting the cardioprotection capacity of SCF. The decrease in apoptosis in SCFtreated rats probably played a role in reducing infarct size and improving cardiac function. SCF overexpression was found to lead to a greater proportion of viable tissue in the surviving myocardium and a 2-fold decrease in the infarcted area. This decrease was mainly related to a reduction in infarct wall thinning and, in parallel, to a decrease in collagen content and fibrotic area after SCF overexpression, promoting an enhancement in cardiac performance.
In this study we provide evidence that involvement of Wnt/βcatenin signaling may occur in cardiomyocyte and CPC pool after MI because of SCF overexpression. Wnt signaling is an important pathway in stem cell behavior, 51,52 cardiac development, 53 and myocardial repair. 54 Additionally, Wnt signaling has been shown to promote the self-renewal and differentiation of c-kit + hematopoietic stem cell 34 and Isl1 + cardiovascular progenitor cells. 35 The stimulation of c-kit + cell recruitment and cardiomyocyte proliferation after SCF overexpression led us to study Wnt signaling in the context of cardiac regeneration after MI. The fact that isolated cardiomyocytes in the presence of SCF increase β-catenin stabilization and GSK-3β phosphorylation indicates that Wnt signaling may be activated in cardiomyocyte population, which may also include undifferentiated CPCs. Aditionally, Notch1, HoxB4, and cyclin D1, Wnt target genes, 34, 38 are upregulated in the myocardium after SCF therapy. The function of cyclin D1 in facilitating the initiation of DNA synthesis and reentry into cell-cycle of quiescent or senescent cell, suggests that Wnt pathway activation resulting from SCF therapy might be inducing S-phase reentry of cardiomyocytes. Collectively, these observations suggest that SCF therapy may have a role in inducing Wnt signaling activation after MI in CSCs, CPCs, and cardiomyocytes, and therefore, it should be studied for a role in CSC therapies. It will be of particular interest to identify specific Wnt signals that might drive the activation of the pathway.
In the current study, we have used a permanent LAD ligation inducing a dead area around the MI. Four major conclusions emanate from this study: (1) SCF therapy improves survival, cardiac function, and LV wall thickness in the border area after MI by decreasing infarct size and remodeling and preventing apoptosis; (2) SCF administration activates the resident and exogenous CPCs in adult rat myocardium fostering the regeneration of cardiomyocytes; (3) SCF overexpression improves cardiomyocyte survival, inducing their potential to cell-cycle reentry after MI; and (4) the effects of SCF overexpression is still measurable 2 months after its administration, suggesting the existence of a feedback loop triggered by external stimuli, such as Wnt signaling, which could explain the long duration of the regenerative cardiac response after MI.
In summary, these results provide the proof that SCF gene therapy promotes cardiac regeneration in the injured myocardium and may offer a novel strategy for patients with ischemic cardiomyopathy, as well as other diseases in which c-kit + stem cells have demonstrated use. The ability to induce cardiac repair with essential signaling molecules allows for a strategy to both dissect CPC niches effects and selectively induce cardiomyocyte cell-cycle reentry useful in myocardial regeneration treatments.
